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1. INTRODUCTION {#dad212038-sec-0050}
===============

Alzheimer\'s disease (AD) is characterized by the cerebral accumulation of amyloid beta (Aβ) into plaques and the aggregation of the tau protein into neurofibrillary tangles. These pathological processes, when measured in vivo with cerebrospinal fluid or neuroimaging biomarkers, can begin decades before the manifestation of clinical symptoms.[^1^](#dad212038-bib-0001){ref-type="ref"}, [^2^](#dad212038-bib-0002){ref-type="ref"} Nevertheless, the rate of progression into the symptomatic stages of the disease is very heterogeneous, even among individuals who exhibit elevated levels of amyloid.[^3^](#dad212038-bib-0003){ref-type="ref"} This variability in progression could be due to a number of mechanisms including cognitive reserve,[^4^](#dad212038-bib-0004){ref-type="ref"} which can protect function even into milder stages of the disease. Thus, it is important to identify individual characteristics or traits that may moderate rates of clinical progression.

One such factor that has received recent attention in the literature is personality. Personality traits refer to enduring characteristics including attitudes, values, social behaviors, and habits that manifest predictably across situations. It is generally agreed upon that personality can be adequately captured by five major factors (collectively known as "the Big Five"): neuroticism, extraversion, openness, agreeableness, and conscientiousness.[^5^](#dad212038-bib-0005){ref-type="ref"} Some common adjectives that describe each of these traits are anxious and worrying (neuroticism), energetic and outgoing (extraversion), curious and insightful (openness), generous and forgiving (agreeableness), and efficient and organized (conscientiousness).[^5^](#dad212038-bib-0005){ref-type="ref"} These traits have been shown to change with age[^6^](#dad212038-bib-0006){ref-type="ref"} and are related to a variety of life outcomes including physical health,[^7^](#dad212038-bib-0007){ref-type="ref"} depressive symptoms,[^8^](#dad212038-bib-0008){ref-type="ref"} and even mortality.[^9^](#dad212038-bib-0009){ref-type="ref"} Importantly, personality traits also change with the onset of clinical symptoms of AD. A review of the literature indicates that measures of neuroticism and conscientiousness show the largest and most reliable change before and after the onset of dementia in sporadic AD.[^10^](#dad212038-bib-0010){ref-type="ref"} These same factors typically also show large differences between cognitively healthy older adults and those with either mild,[^11^](#dad212038-bib-0011){ref-type="ref"} or very mild, dementia.[^12^](#dad212038-bib-0012){ref-type="ref"}, [^13^](#dad212038-bib-0013){ref-type="ref"} Furthermore, evidence suggests that high levels of neuroticism and/or low levels of conscientiousness confer the greatest risk for developing dementia in healthy older adults.[^14^](#dad212038-bib-0014){ref-type="ref"}, [^15^](#dad212038-bib-0015){ref-type="ref"}, [^16^](#dad212038-bib-0016){ref-type="ref"}, [^17^](#dad212038-bib-0017){ref-type="ref"} Given the predictive power of personality, recent guidelines have even suggested incorporating these measures into clinical diagnoses of dementia.[^18^](#dad212038-bib-0018){ref-type="ref"}

The relationship of personality to underlying disease pathology has been recently examined. For example, Tautvydaitė and et al.[^19^](#dad212038-bib-0019){ref-type="ref"} showed that changes in neuroticism (Cohen\'s d = ‐0.45[^1]) and conscientiousness (Cohen\'s d = 0.42) were related to abnormal amyloid levels in the cerebrospinal fluid (CSF), such that higher neuroticism and lower conscientiousness were associated with more pathology. However, this study was focused primarily on mild or moderately demented participants and personality change was assessed retrospectively, which may be subject to significant recall biases. Another recent study in cognitively normal participants showed that only neuroticism was correlated with levels of the tau protein (higher neuroticism is associated with more tau pathology, Cohen\'s d = 0.63) in key regions known to be vulnerable to pathological accumulation.[^20^](#dad212038-bib-0020){ref-type="ref"} Thus, it would appear that both neuroticism and conscientiousness are modestly correlated with accumulating AD pathology, although it should be noted that at least one study has reported a null effect between amyloid and neuroticism.[^21^](#dad212038-bib-0021){ref-type="ref"}

Studies of change in personality and associated risk of dementia prior to the onset of symptoms in sporadic AD are complicated by a number of factors. First and foremost is the heterogeneity of progression in the earliest stages of the disease. As already mentioned, disease pathology can accumulate for decades prior to a clinical diagnosis, and hence study participants may enroll at different stages along the pathology continuum. A second issue involves myriad co‐morbid factors that might influence personality measurement even in cognitively normal older adults, such as depression and physical health. Combinations of these different factors may preclude or artificially inflate the detection of preclinical personality change in an older adult cohort.[^8^](#dad212038-bib-0008){ref-type="ref"}, [^22^](#dad212038-bib-0022){ref-type="ref"}

We aimed to address these limitations by exploring the relationships among personality, time to onset of dementia symptoms, levels of AD biomarkers, and cognitive change in the Dominantly Inherited Alzheimer Network (DIAN) cohort. DIAN is an international observational study of families with presenilin 1 (*PSEN1*), presenilin 2 (*PSEN2*), and amyloid precursor protein (*APP*) autosomal dominant AD mutations. Onset of disease in this population is predictable as persons with a particular mutation tend to develop symptoms at a similar age.[^23^](#dad212038-bib-0023){ref-type="ref"} Age of symptom onset in autosomal dominant AD (ADAD) is typically 30 to 40 years earlier compared to the far more common sporadic AD. This confers a tremendous opportunity to study AD pathology with little to no confounding from age‐related comorbidities.[^24^](#dad212038-bib-0024){ref-type="ref"}

We address three primary questions in the current study. First, do personality traits discriminate between mutation carriers and noncarriers in DIAN? A prior study in the DIAN cohort showed the largest differences between clinically normal individuals and those with very mild dementia occurred in conscientiousness with smaller effects manifesting in both neuroticism and extraversion,[^25^](#dad212038-bib-0025){ref-type="ref"} and we expected to replicate this finding with a larger sample size. Our second question was whether baseline differences in personality correlate with difference in levels of key AD biomarkers. Based on the literature reviewed above, we hypothesized that neuroticism and conscientiousness would correlate with levels of AD pathology measured with in vivo biomarkers. The third, and most important, question that we addressed is whether differences in personality traits would directly correlate with longitudinal changes in cognitive performance. An important aspect of the data collection strategy was that personality was assessed using both self‐report as well as ratings from a collateral source. Other studies in sporadic AD have suggested that collateral source ratings of personality provide more diagnostic information than ratings from the participant;[^12^](#dad212038-bib-0012){ref-type="ref"}, [^15^](#dad212038-bib-0015){ref-type="ref"} thus, we hypothesized that collateral source reports may provide a more sensitive metric by which to gauge personality change in DIAN.

2. METHODS {#dad212038-sec-0060}
==========

2.1. Participants {#dad212038-sec-0070}
-----------------

Participants in the DIAN observational study complete annual or semi‐annual assessments of clinical and cognitive functioning together with a comprehensive biomarker panel. Currently, there are 20 DIAN performance sites across the United States, Asia, Europe, Australia, and South America. Participants are typically recruited via word of mouth, by family physicians, or via the DIAN Expanded Registry. To be eligible to participate in DIAN, participants must be 18 years of age or older, be the child of an affected individual (known clinically or via genetic testing), and have two non‐sibling collateral sources. The frequency of assessments in DIAN depends on the individual\'s clinical status and estimated time to symptom onset. All asymptomatic DIAN participants who are \<5 years past estimated age of symptom onset return for in‐person visits every other year (prior to 2014 they returned every 3 years), with follow‐up phone calls in off years. Participants who are \>5 years past estimated age of onset and asymptomatic will receive yearly follow‐up phone calls only. Symptomatic DIAN participants (defined as Clinical Dementia Rating \[CDR\] \> 0) return for annual in‐person visits. Those participants who know themselves to be mutation positive are \>5 years past estimated age of symptom onset and asymptomatic will maintain the every other year in‐person visit schedule.

### RESEARCH IN CONTEXT {#dad212038-sec-0080}

Systematic review: The authors reviewed the literature using traditional sources including PubMed and Google Scholar. Personality has been studied extensively as a risk factor for late‐onset Alzheimer\'s disease (AD). There are few publications that include biomarkers and we were unable to find any that evaluated personality systematically in autosomal dominant AD. Relevant publications were cited.Interpretation: Assessing personality in autosomal AD provides an opportunity to understand disease‐related personality changes at much younger ages than in late‐onset AD. Conscientiousness and neuroticism were related to markers of neurodegeneration and predicted disease progression and cognitive decline, largely mirroring what is observed in late‐onset AD.Future directions: The findings suggest that personality may have unique value as an indicator of disease progression. Additional studies should determine the extent to which longitudinal evaluations of personality are necessary to monitor disease progression. Also, the utility of brief personality assessments should be explored.

Data from participants in the current study were taken from DIAN data freeze 13 (cutoff date: June 30, 2018) and were classified based on genetic mutation as either a mutation non‐carrier (NC) or a mutation carrier (MC). Baseline personality data were available on 192 NCs and 304 MCs and of these, 118 NCs and 195 MCs contributed at least one post‐baseline visit. Baseline clinical and demographic characteristics of this cohort are provided in Table [1](#dad212038-tbl-0001){ref-type="table"}. We can determine when a given individual will begin to experience symptoms by subtracting their current age from the average symptom onset age of all participants with that specific mutation. For NC, the average age of onset for the family mutation was used. If the mutation is unknown (eg, if the mutation was recently discovered), then the age of symptom onset in the affected parent is used. We refer to this measure as the estimated years to onset (EYO), which provides a stable marker of disease progression that is independent from biological indicators.

###### 

Demographic and clinical characteristics of the cohort at baseline

                                  Non‐carriers(n = 192)   Mutation carriers(n = 304)                                                 
  ------------------------------- ----------------------- ---------------------------- ------- ----------- -------- -------- ------- -------------
  Age (years)                     37.95                   11.31                        0.02    18/69       37.68    10.69    −0.01   18/65
  Education (years)               14.92                   2.79                         0.14    9/26        14.24    3.05     −0.09   6/29
  EYO (years)                     −10.29                  11.88                        −0.06   −38/23      −9.17    10.71    0.04    −36/12.3
  CSF Aβ42 (pg/mL)                454.09                  142.80                       0.34    133/905     356.64   186.94   −0.21   75.6/1049.0
  CSF total tau (pg/mL)           57.139                  24.567                       −0.46   7/174       105.41   75.09    0.28    8.2/563/3
  CSF pTau (pg/mL)                28.844                  10.345                       −0.58   10/87       59.61    36.62    0.36    12.4/191.4
  PIB                             1.055                   0.148                        −0.57   0.85/2.76   1.89     0.99     0.40    0.8/5.8
  CDR‐SB                          0.008                   0.062                        −0.36   0/0.5       1.02     2.09     0.23    0/17
  \% CDR 0                        100%                    NA                                               66%      NA               
  \% CDR 0.5                      0%                      NA                                               24%      NA               
  \% CDR 1                        0%                      NA                                               8%       NA               
  \% CDR 2 or 3                   0%                      NA                                               1%       NA               
  Sex (% female)                  59%                     NA                                               58%      NA               
  Global cognition                −0.024                  0.609                                −1.5/1.6    −0.632   1.072            −3.8/1.64
  Number of visits                2.021                   1.092                                1/6         2.109    1.177            1/6
  Duration of follow‐up (years)   2.422                   2.427                                0/8.2       37.678   10.689           0/8.1
  Self‐reported                                                                                                                      
  Neuroticism                     61.875                  15.401                       −0.07   35/100      63.51    14.474   0.04    31/103
  Extraversion                    84.906                  12.103                       0.14    48/112      82.072   13.111   −0.09   35/109
  Openness                        78.51                   12.128                       0.07    45/107      77.224   11.918   −0.04   45/107
  Agreeableness                   96.146                  9.473                        0.05    59/115      95.329   10.345   −0.03   61/120
  Conscientiousness               96.266                  11.519                       0.21    58/115      91.819   13.649   −0.13   52/120
  Informant reported                                                                                                                 
  Neuroticism                     58.812                  16.567                       −0.22   26/102      64.532   15.712   0.14    30/105
  Extraversion                    85.489                  12.398                       0.25    44/112      79.621   15.184   −0.16   36/108
  Openness                        76.898                  10.384                       0.19    46/106      73.386   11.97    −0.12   38/100
  Agreeableness                   97.253                  10.971                       0.14    65/118      94.41    12.643   −0.09   46/120
  Conscientiousness               98.215                  13.83                        0.28    52/120      90.539   17.43    −0.18   30/119

Abbreviations: Aβ42, amyloid beta 42; CDR, Clinical Dementia Rating; CDR‐SB, Clinical Dementia Rating‐Sum of Boxes; CSF, cerebrospinal fluid; EYO, estimated years to onset; PIB, Pittsburgh compound B; pTau, phosphorylated tau; SD, standard deviation
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2.2. Clinical assessment {#dad212038-sec-0090}
------------------------

At each visit, participants were assessed by an experienced clinician for the presence and severity of dementia with the CDR scale.[^26^](#dad212038-bib-0026){ref-type="ref"} A CDR of 0 indicates no evidence of dementia and 0.5, 1, 2, and 3 indicates very mild, mild, moderate, and severe dementia, respectively. The CDR Sum of Boxes (CDR‐SB) score is also calculated as a finer‐grained measure of clinical impairment. Noncarriers with a CDR score \>0 were removed prior to analysis as our focus is on ADAD rather than dementia attributable to other causes.

2.3. Personality assessment {#dad212038-sec-0100}
---------------------------

A 120‐item version of the International Personality Item Pool[^27^](#dad212038-bib-0027){ref-type="ref"} (IPIP‐NEO‐120) was completed by both the participant and a collateral source with respect to the participant. The IPIP‐NEO‐120 is a publicly available personality scale that has been translated into more than 25 languages. The individual is presented with a series of statements (eg, "Does things efficiently"), and is asked to rate the accuracy of the statement on a five‐point scale (1 = very inaccurate, 5 = very accurate). Responses to individual items are summed to form the five major personality domains (Neuroticism, Extraversion, Openness to Experience, Agreeableness, and Conscientiousness). Only the five domain scores (not individual items or subscales) were used in the present analyses. The participant rates the statements in reference to themselves whereas the collateral source rates the participant.

Domains formed from the IPIP‐NEO‐120 have been shown to map strongly onto the five‐factor personality model described above. Importantly, the IPIP‐NEO‐120 has high documented reliability (Cronbach\'s alphas: Neuroticism = 0.90, Extraversion = 0.89,; Openness = 0.81, Agreeableness = 0.86, and Conscientiousness = 0.90) and high correlations with other, established personality inventories.[^27^](#dad212038-bib-0027){ref-type="ref"} Complete psychometric information and keys for scoring are available at the IPIP website (<https://ipip.ori.org/30FacetNEO-PI-RItems.htm>).

2.4. Cognitive assessment {#dad212038-sec-0110}
-------------------------

All participants in DIAN complete a comprehensive neuropsychological test battery that has been described elsewhere.[^25^](#dad212038-bib-0025){ref-type="ref"} From the available tests, we created a global cognitive composite score that consists of the Mini‐Mental State Exam (MMSE)[^28^](#dad212038-bib-0028){ref-type="ref"} total score, Wechsler Memory Scale‐Revised,[^29^](#dad212038-bib-0029){ref-type="ref"} Logical Memory Delayed Recall, Digit Symbol Substitution Task from the Wechsler Adult Intelligence Scale‐ Revised,[^30^](#dad212038-bib-0030){ref-type="ref"} and delayed recall of a 16‐item word list. Scores on each test were first standardized to the mean and standard deviation (SD) of DIAN mutation carriers with an EYO \< ‐15. Importantly, because many participants are at ceiling on the MMSE, the SD is very small, which weights this test more strongly in the composite. Therefore, an adjusted SD for the MMSE was estimated from a smoothed spline model.[^31^](#dad212038-bib-0031){ref-type="ref"} The *z*‐scores were then averaged together with equal weights to create the global composite. Tests are scored such that higher outcomes are indicative of better performance.

2.5. CSF collection {#dad212038-sec-0120}
-------------------

CSF was collected from a lumbar puncture in the morning after fasting as previously described.[^32^](#dad212038-bib-0032){ref-type="ref"} Samples were shipped to the DIAN biomarker core for processing. Concentrations of Aβ~1‐42~, total tau, and tau phosphorylated at threonine 181 (p‐tau~181~) were measured with Luminex‐based immunoassay (AlzBio3, Fujirebio, Malverne, PA, USA). Biomarkers were standardized to the mean and SD of the cohort at baseline.

2.6. Amyloid imaging {#dad212038-sec-0130}
--------------------

Amyloid imaging was performed with a bolus injection of ≈15 mCi of \[11C\] Pittsburgh Compound B (PiB[^33^](#dad212038-bib-0033){ref-type="ref"}). Data were used from 40 to 70 minutes post‐injection and were motion corrected and partial volume corrected using methods described elsewhere.[^34^](#dad212038-bib-0034){ref-type="ref"}, [^35^](#dad212038-bib-0035){ref-type="ref"}, [^36^](#dad212038-bib-0036){ref-type="ref"} For each region of interest (ROI), the standardized uptake value ratio (SUVR) was calculated using the cerebellum as a reference. A summary score was formed from the average SUVR across the following regions: lateral orbitofrontal, inferior parietal, precuneus, rostral middle frontal, superior frontal, superior temporal, and middle temporal. This value was then *z*‐scored to the mean and SD of the cohort at baseline.

3. STATISTICAL ANALYSIS {#dad212038-sec-0140}
=======================

3.1. Question 1 {#dad212038-sec-0150}
---------------

To determine whether mutation status influences personality, linear mixed effects (LME) models were constructed using the lme4[^37^](#dad212038-bib-0037){ref-type="ref"} package in the R statistical environment. Within each set of analyses, we examined each personality factor (both self‐ and informant reported) in separate models. Specifically, we analyzed personality collected at the baseline assessment as a function of mutation status (dummy coded with noncarriers as the reference group), EYO, and the interaction between mutation status and EYO, while also controlling for CDR‐SB, sex, and years of education. The latter two variables have demonstrated correlations with specific personality traits and it is important to control for this shared variance.[^38^](#dad212038-bib-0038){ref-type="ref"}, [^39^](#dad212038-bib-0039){ref-type="ref"} Family cluster was included as a random effect. Cohen\'s d (calculated as \[2 × t‐value\]/sqrt\[df\]) is provided as a measure of effect size for all reported outcomes.

3.2. Question 2 {#dad212038-sec-0160}
---------------

We next examined whether levels of in vivo biomarkers (CSF and positron emission tomography \[PET\] imaging) correlate with personality traits in a subsample of MCs only. LME models were constructed with each personality factor (in separate models) predicted from the following terms: biomarker, baseline EYO, and baseline CDR‐SB, sex, and education with family cluster included as a random effect.

3.3. Question 3 {#dad212038-sec-0170}
---------------

Finally, to determine whether personality traits at baseline moderate rates of change in cognition, we again used LME models with the following terms: baseline EYO, baseline CDR‐SB, sex, education, baseline personality, years in the study (hereafter referred to as "time"), and the personality by time interaction. Random intercepts and slopes of time were included across participants.

4. RESULTS {#dad212038-sec-0180}
==========

4.1. Question 1: Baseline personality and mutation status {#dad212038-sec-0190}
---------------------------------------------------------

Self‐ and collateral source reports of each personality domain were modestly correlated in NC (Neuroticism = 0.53, Extraversion = 0.61, Openness = 0.63, Agreeableness = 0.42, Conscientiousness = 0.53) and in carriers (Neuroticism = 0.41, Extraversion = 0.58, Openness = 0.65, Agreeableness = 0.35, Conscientiousness = 0.49). For neuroticism, there was a main effect of mutation group (β = 4.34, standard error \[SE\] = 2.00, *P* = .03, Cohen\'s d = 0.20) indicating that MCs exhibited higher levels of neuroticism than NCs. This effect was qualified by a significant group by EYO interaction (β = 0.33, SE = 0.13, *P* = .01, Cohen\'s d = 0.23). This interaction indicates that NCs significantly declined in neuroticism across EYO (β = --0.31, SE = 0.09, *P* \< .001, Cohen\'s d = --0.32) whereas mutation carriers remained stable (β = 0.02, SE = 0.09, *P* = .87, .02). Similarly, in conscientiousness, the main effect of mutation was significant (β = −5.45, SE = 1.70, *P* = .001, Cohen\'s d = --0.29) indicating lower conscientiousness in MCs relative to NCs, and the group by EYO interaction was also significant (β = --0.25, SE = 0.11, *P* = .02, Cohen\'s d = --0.21) indicating that NCs tended to increase in conscientiousness across EYO and MCs tended to decrease; however, neither simple effect was statistically significant. These relationships are shown in the top panel of Figure [1](#dad212038-fig-0001){ref-type="fig"}. There were no group differences or interactions on any other personality trait (see Table [2](#dad212038-tbl-0002){ref-type="table"} for full model output).

![Personality traits as a function of estimated years to symptom onset (EYO) and mutation status (mutation carriers N = 304 for self‐report; 293 for informant report; non‐carriers N = 192 for self‐report, 186 for informant). Significant group by EYO interactions were found for all variables except for informant reported conscientiousness](DAD2-12-e12038-g001){#dad212038-fig-0001}

###### 

Beta weights (and SEs) for models comparing group differences in personality traits

                   Neuroticism                                               Extraversion                                              Openness                                                  Agreeableness                                              Conscientiousness
  ---------------- --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------
  Self‐report                                                                                                                                                                                                                                               
  Mutation         4.34[\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}      −3.03                                                     −1.12                                                     −0.003                                                     −5.45[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                   (2.00)                                                    (1.74)                                                    (1.60)                                                    (1.26)                                                     (1.70)
  EYO              −0.31[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   0.01                                                      −0.08                                                     0.10                                                       0.15
                   (0.09)                                                    (0.08)                                                    (0.07)                                                    (0.06)                                                     (0.08)
  CDR‐SB           0.13                                                      −0.80                                                     −0.46                                                     0.03                                                       −0.72
                   (0.47)                                                    (0.41)                                                    (0.38)                                                    (0.30)                                                     (0.40)
  Sex              −2.58                                                     −1.71                                                     −3.49[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   −7.43[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    −3.40[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                   (1.32)                                                    (1.15)                                                    (1.06)                                                    (0.83)                                                     (1.12)
  Education        −0.76[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   0.10                                                      0.59[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    0.55[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}     0.63[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                   (0.23)                                                    (0.20)                                                    (0.18)                                                    (0.14)                                                     (0.20)
  Mutation × EYO   0.33[\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}      −0.11                                                     −0.07                                                     0.04                                                       −0.25[\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                   (0.13)                                                    (0.11)                                                    (0.10)                                                    (0.08)                                                     (0.11)
  Constant         59.19[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   85.87[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   79.87[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   100.80[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   99.64[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                   (1.60)                                                    (1.33)                                                    (1.26)                                                    (1.00)                                                     (1.39)

  Collateral source ratings                                                                                                                                                                                                                                            
  --------------------------- --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------
  Mutation                    6.69[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    −4.01[\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}     −2.72                                                     −1.94                                                      −5.43[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                              (2.15)                                                    (1.84)                                                    (1.45)                                                    (1.59)                                                     (2.05)
  EYO                         −0.16                                                     −0.01                                                     −0.04                                                     0.11                                                       0.13
                              (0.10)                                                    (0.08)                                                    (0.06)                                                    (0.07)                                                     (0.09)
  CDR‐SB                      1.41[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    −2.76[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   −1.46[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   −1.02[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    −3.11[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                              (0.50)                                                    (0.43)                                                    (0.34)                                                    (0.37)                                                     (0.48)
  Sex                         −5.38[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   −0.75                                                     −3.19[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   −2.94[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    −1.70
                              (1.43)                                                    (1.22)                                                    (0.97)                                                    (1.05)                                                     (1.36)
  Education                   −0.80[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   0.21                                                      0.77[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}    0.68[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}     0.86[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                              (0.25)                                                    (0.21)                                                    (0.16)                                                    (0.19)                                                     (0.24)
  Mutation × EYO              0.30[\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}      −0.14                                                     −0.16                                                     −0.09                                                      −0.21
                              (0.14)                                                    (0.12)                                                    (0.09)                                                    (0.10)                                                     (0.13)
  Constant                    58.55[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   85.89[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   78.56[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   100.76[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}   101.17[\*\*\*](#dad212038-tbl2-note-0001){ref-type="fn"}
                              (1.67)                                                    (1.40)                                                    (1.10)                                                    (1.32)                                                     (1.65)

*Note*:  \*\**P* \< .05; \*\*\**P* \< .01.

Abbreviations: CDR‐SB, Clinical Dementia Rating‐Sum of Boxes; EYO, estimated years to onset; SE, standard error
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The effects were largely the same using ratings from the collateral source (bottom panel of Table [2](#dad212038-tbl-0002){ref-type="table"} and Figure [1](#dad212038-fig-0001){ref-type="fig"}). More importantly, there was a main effect of group on neuroticism (β = 6.69, SE = 2.15, *P* = .002, Cohen\'s d = 0.29), which was qualified by a group by EYO interaction (β = 0.30, SE = 0.14, *P* = .03, Cohen\'s d = 0.20). Once again, the simple slopes indicated that MCs tended to increase in neuroticism across EYO and NCs decreased; however, neither of these comparisons were statistically significant. Finally, MCs were rated as lower on conscientiousness relative to NCs (β = ‐5.42, SE = 2.05, *P* = .008, Cohen\'s d = --0.24); however, the group by EYO interaction did not reach significance (*P* = .10). Extraversion also exhibited a group difference such that MCs were rated as lower on this trait relative to NCs (*P* \< .05, Cohen\'s d = --0.20); however, the group by EYO interaction was not significant.

4.2. Question 2: Relationship between personality and biomarkers in mutation carriers at baseline {#dad212038-sec-0200}
-------------------------------------------------------------------------------------------------

Only neuroticism and conscientiousness showed a significant and consistent group difference due to mutation status in the self‐report data, so we restricted our subsequent analyses of MCs and biomarkers to only these personality factors. After including terms for baseline EYO, CDR‐SB, sex, and education, both self‐reported neuroticism and conscientiousness were related to levels of AD biomarkers measured in the CSF. Specifically, higher levels of total tau correlated with higher levels of neuroticism and lower levels of conscientiousness (β = 2.10, SE = 0.95, *P* = .03, Cohen\'s d = 0.28; β = --2.05, SE = 0.86, *P* = .02, Cohen\'s d = --0.30 respectively). These effects are shown in Figure [2](#dad212038-fig-0002){ref-type="fig"}. Similar relationships were shown between p‐tau and neuroticism (β = 2.42, SE = 1.01, *P* = .02, Cohen\'s d = 0.32), and conscientiousness (β = --2.82, SE = 0.92, *P* = .003, Cohen\'s d = --0.39). No informant reported measures were significantly associated with AD pathology. Full model output is provided in Table [3](#dad212038-tbl-0003){ref-type="table"}.

![Higher levels of cerebrospinal fluid (CSF) tau correlate with higher levels of self‐reported neuroticism at baseline in autosomal dominant Alzheimer\'s disease (ADAD) mutation carriers (N = 257, *P* = .03) and lower levels of self‐reported conscientiousness (*P* = .02)](DAD2-12-e12038-g002){#dad212038-fig-0002}

###### 

Beta weights (SEs) from models predicting neuroticism and conscientiousness from AD biomarkers at baseline

  Variables      Neuroticism                                                    Conscientiousness                                                                                                                                                                                                                                                                                                                         
  -------------- -------------------------------------------------------------- -------------------------------------------------------------- -------------------------------------------------------------- -------------- -------------------------------------------------------------- -------------------------------------------------------------- -------------------------------------------------------------- --------------
  Self‐ratings                                                                                                                                                                                                                                                                                                                                                                                                            
  Aβ~1‐42~       1.65 (1.10)                                                                                                                                                                                                 −0.93 (0.99)                                                                                                                                                                                 
  Tau                                                                           2.10[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.95)                                                                                                                                                 −2.05[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.86)                                                                  
  pTau                                                                                                                                         2.42[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.01)                                                                                                                                                 −2.82[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.92)   
  PiB                                                                                                                                                                                                         −0.38 (1.02)                                                                                                                                                                                                −1.50 (0.96)
  EYO            0.13 (0.12)                                                    −0.04 (0.11)                                                   −0.08 (0.11)                                                   0.09 (0.12)    −0.15 (0.11)                                                   −0.04 (0.10)                                                   0.02 (0.10)                                                    −0.03 (0.11)
  CDR‐SB         0.19 (0.58)                                                    −0.23 (0.59)                                                   −0.10 (0.58)                                                   0.19 (0.50)    −0.96 (0.52)                                                   −0.62 (0.54)                                                   −0.70 (0.52)                                                   −0.61 (0.47)
  Sex            −1.59 (1.86)                                                   −1.44 (1.82)                                                   −1.63 (1.83)                                                   −2.74 (1.86)   −3.35[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.65)   −3.39[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.64)   −3.23[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.63)   −3.16 (1.72)
  Education      −0.70[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.31)   −0.64[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.30)   −0.67[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.30)   −0.47 (0.33)   0.66[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.28)    0.64[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.28)    0.67[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.27)    0.52 (0.31)

  --------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- -------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------
  Collateral source ratings                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Aβ~1~−~42~                  −0.17 (1.16)                                                                                                                                                                                                                                                      −2.01 (1.19)                                                                                                                                                                                       
  Tau                                                                                          1.84 (0.99)                                                                                                                                                                                                                                                       −0.44 (1.02)                                                                                                                      
  pTau                                                                                                                                                          1.47 (1.05)                                                                                                                                                                                                                                                       −0.73 (1.09)                                                     
  PiB                                                                                                                                                                                                                            −1.36 (1.08)                                                                                                                                                                                                                                                      −1.89 (1.08)
  EYO                         0.14 (0.13)                                                      0.10 (0.11)                                                      0.09 (0.12)                                                      0.25[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.13)    0.02 (0.13)                                                      −0.08 (0.11)                                                     −0.06 (0.12)                                                     −0.02 (0.13)
  CDR‐SB                      1.59[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.59)    1.16 (0.61)                                                      1.35[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.60)      1.33[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.53)    −3.42[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.60)   −3.35[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.63)   −3.36[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.61)   −3.01[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.52)
  Sex                         −5.01[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.93)   −5.07[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.89)   −5.28[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.91)   −4.26[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (1.98)   0.02 (1.95)                                                      −0.01 (1.93)                                                     0.12 (1.94)                                                      −0.91 (1.96)
  Education                   −0.94[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.32)   −0.91[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.32)   −0.95[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.32)   −0.71[\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.35)   0.92[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.33)    0.89[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.33)    0.88[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.33)    0.89[\*\*\*](#dad212038-tbl3-note-0001){ref-type="fn"} (0.35)
  --------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- -------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------

*Note*:  \*\**P* \< .05; \*\*\**P* \< .01.

Abbreviations: Aβ42, amyloid beta 42; CDR, Clinical Dementia Rating; CDR‐SB, Clinical Dementia Rating‐Sum of Boxes; CSF, cerebrospinal fluid; EYO, estimated years to onset; PIB, Pittsburgh compound B; pTau, phosphorylated tau; SE, standard error

John Wiley & Sons, Ltd.

4.3. Question 3: Does personality predict decline in cognition? {#dad212038-sec-0210}
---------------------------------------------------------------

In terms of self‐reported personality, levels of neuroticism were not significantly correlated with either baseline cognitive performance or rates of longitudinal cognitive decline. Furthermore, although conscientiousness was not related to cognition at baseline, it was associated with rates of cognitive decline (β = 0.002, SE = 0.001, *P* = .03, Cohen\'s d = 0.41), indicating that individuals with higher levels of conscientiousness demonstrated slower rates of change in cognition. These effects are plotted in Figure [3](#dad212038-fig-0003){ref-type="fig"}.

![Correlation between baseline self‐reported neuroticism and conscientiousness (N = 304) on rate of change in a global cognitive composite in autosomal dominant Alzheimer\'s disease (ADAD) mutation carriers. Lower levels of conscientiouness correspond to faster rates of decline (*P* = .03). The relationship between cognitive decline and neuroticism was not significant](DAD2-12-e12038-g003){#dad212038-fig-0003}

Turning to the collateral reports, neuroticism correlated with cognitive change (β = --0.002, SE = 0.001, *P* = .003, Cohen\'s d = --0.30), indicating that higher neuroticism correlates with faster rates of decline. Conscientiousness was also correlated with rates of decline (β = 0.002, SE = 0.001, *P* = .01, Cohen\'s d = 0.45), again indicating that individuals higher in conscientiousness declined more slowly in cognition. Full model output is provided in Table [4](#dad212038-tbl-0004){ref-type="table"}.

###### 

Beta weights (SEs) predicting longitudinal cognitive change from conscientiousness and neuroticism

                    Cognitive composite                                                                                                                                                                                    
  ----------------- ----------------------------------------------------------------- ----------------------------------------------------------------- ------------------------------------------------------------------ -----------------------------------------------------------------
  N (Self)          −0.004 (0.002)                                                                                                                                                                                         
  C (Self)                                                                            0.004 (0.003)                                                                                                                        
  N (CS)                                                                                                                                                −0.004 (0.003)                                                     
  C (CS)                                                                                                                                                                                                                   0.004 (0.002)
  Baseline EYO      −0.03[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.004)   −0.03[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.004)   −0.04[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.004)    −0.03[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.004)
  Baseline CDR‐SB   −0.28[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.02)    −0.27[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.02)    −0.27[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.02)     −0.26[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.02)
  Sex               −0.25[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.07)    −0.23[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.07)    −0.27[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.08)     −0.24[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.07)
  Education         0.05[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.01)     0.05[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.01)     0.05[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.01)      0.05[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.01)
  Time × N (Self)   −0.002 (0.001)                                                                                                                                                                                         
  Time × C (Self)                                                                     0.002[\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.001)                                                                        
  Time × N (CS)                                                                                                                                         −0.002[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.001)   
  Time × C (CS)                                                                                                                                                                                                            0.002[\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.001)
  Constant          −1.06[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.25)    −1.67[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.28)    −1.11[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.28)     −1.71[\*\*\*](#dad212038-tbl4-note-0001){ref-type="fn"} (0.26)

*Note*: N, Neuroticism; C, Conscientiousness, \*\**P* \< .05; \*\*\**P* \< .01.

Abbreviations: CDR‐SB, Clinical Dementia Rating‐Sum of Boxes; CS, collateral source; CSF, cerebrospinal fluid; EYO, estimated years to onset; PIB, Pittsburgh compound B; SE, standard error

John Wiley & Sons, Ltd.

5. DISCUSSION {#dad212038-sec-0220}
=============

The ultimate goal of this work was to determine whether personality factors are associated with disease onset in ADAD. To this end, our analyses revealed several important findings. First, at baseline, both self‐reported neuroticism and conscientiousness exhibited differential trajectories across the EYO spectrum as a function of mutation status. Neuroticism tended to increase and conscientiousness to decrease in mutation carriers with the reverse being true in the NC. This pattern is consistent with prior reports of neuroticism and conscientiousness producing the largest differences among those at increased risk for late‐onset AD,[^14^](#dad212038-bib-0014){ref-type="ref"}, [^15^](#dad212038-bib-0015){ref-type="ref"}, [^16^](#dad212038-bib-0016){ref-type="ref"}, [^17^](#dad212038-bib-0017){ref-type="ref"} suggesting that our findings can be generalized to the more common, sporadic form of the disease. We also observed a relationship between personality and EYO in NCs. As these participants do not carry a mutation and would not be expected to harbor substantial AD pathology, it is clear then that both neuroticism and conscientiousness can change in healthy aging, which is consistent with prior reports.[^6^](#dad212038-bib-0006){ref-type="ref"}, [^40^](#dad212038-bib-0040){ref-type="ref"} This raises the possibility that normal age‐related personality changes in the MCs may be attenuated or offset by declines that can be attributed to disease processes.

We hypothesized that informant reports of personality might be more sensitive to change than self‐ratings due to changes in insight with advancing disease.[^12^](#dad212038-bib-0012){ref-type="ref"} Counter to our hypothesis, reports from the collateral source generally converged with self‐reports and in some cases (eg, in terms of correlations with CSF markers) were actually less sensitive markers. Possibly, the differences in age across the two samples may have contributed to this pattern. Specifically, the Duchek et al.[^12^](#dad212038-bib-0012){ref-type="ref"} sample included much older participants (mean age = 75 years) than the participants in the current analyses (mean age = 37) and this may have contributed to differences in the knowledge of the collateral source. We also conducted post‐hoc analyses correlating self‐rated personality with AD biomarkers while controlling for the cognitive composite score. The results were unchanged, suggesting that baseline differences in cognition are not accounting for baseline differences in personality. Taken together, these results suggest that differences in neuroticism and in conscientiousness might indeed be a sensitive, non‐cognitive marker of disease stage (ie, pathology burden) in ADAD.

A critical component of the current study is the relationship of in vivo markers of AD pathology to personality change. Results suggest that changes in neuroticism and conscientiousness appear specific to neurodegenerative processes in AD. Self‐reported levels of both factors were related to pathological markers of neurodegeneration measured in the CSF (total tau and p‐tau), suggesting that differences in these two important personality characteristics are associated with high levels of AD‐related neurodegeneration. Because our models included terms for CDR scores as well as EYO, these relationships were independent of overt clinical markers of disease progression. We did not observe correlations between amyloid markers (Aβ42 and Pittsburgh compound B \[PIB\]) and personality traits. It is well established that amyloid becomes abnormal well before active neurodegenerative processes ensue,[^1^](#dad212038-bib-0001){ref-type="ref"} so this pattern indicates that personality may change relatively late in the disease. Furthermore, other studies have shown a relationship between neuroticism and tau deposition,[^20^](#dad212038-bib-0020){ref-type="ref"} and volumetric changes.[^41^](#dad212038-bib-0041){ref-type="ref"} Together, these findings implicate tau pathology as a key correlate of preclinical personality change. Future research should directly examine correlations between regional tau deposition and levels of reported neuroticism in DIAN.

Finally, and perhaps most importantly, self‐rated conscientiousness as well as informant reported neuroticism and conscientiousness correlated with the magnitude of cognitive change. Specifically, individuals higher on neuroticism and lower on conscientiousness declined more quickly on a global cognitive composite compared to individuals with the opposite personality profile. We consider two ways to interpret this pattern. First, it is possible that personality independently contributes to cognitive change, in a manner akin to cognitive reserve (ie, protects against detrimental effects of accumulating pathology). The second possibility is that AD pathology (specifically neurodegeneration) produces differences in both personality traits and cognition. Under the latter scenario, CSF tau would be expected to fully mediate the personality--cognition relationship. To adjudicate among these possibilities, we conducted post‐hoc supplementary analyses in which both a personality trait and CSF tau were included as predictors of decline. Critically, with both variables in the model, only tau predicted decline and the influence of personality (both neuroticism and conscientiousness) were no longer significant. Thus, the relationship between personality and cognition is more likely due to the joint relationship with tau pathology.

In many studies of personality traits and cognition in dementia, it is difficult to firmly establish directionality of these relationships. Specifically, it is possible that personality traits demonstrate subtle change due to accumulating AD pathology. Conversely, it is possible that individuals with a specific personality profile (eg, highly conscientious and low in neuroticism) tend to engage in specific behaviors that encourage or prevent accumulation of pathology and mitigates the damaging influence of pathology on cognition. For example, highly neurotic individuals are prone to experience stress and anxiety and repeated exposure to stress has negative consequences for brain function.[^42^](#dad212038-bib-0042){ref-type="ref"} Similarly, conscientiousness is in part defined by self‐discipline. High levels of this trait may encourage engagement in behaviors that promote health and wellness,[^43^](#dad212038-bib-0043){ref-type="ref"} which may moderate structural damage in the brain.[^44^](#dad212038-bib-0044){ref-type="ref"} Other facets of conscientiousness include "dutifulness" and "achievement striving" and hence highly conscientious individuals may be particularly motivated to exert greater effort during cognitive testing, which may produce artificially increased scores relative to a less motivated participant. A detailed investigation of specific personality facets and associated behaviors that moderate the observed relationships with cognitive function and pathology is warranted in future research.

There are a number of strengths of this study including a large prospective sample with a detailed panel of cognitive, personality, and biomarker data available, which provides for a comprehensive evaluation of the relationship between personality traits and AD pathology in a relatively young (and hence free of comorbid conditions) population. Despite the strengths of the study, it should be noted that the majority of participants have been followed for a total of two assessments over a 2‐year time frame. It is possible that the effects observed here will change once more follow‐up assessments become available. Furthermore, some individuals in DIAN are aware of their mutation status, and it is possible that having such knowledge will change the magnitude of personality change across mutation groups. In addition, although many of results were hypothesized a priori (ie, the relationships with neuroticism and conscientiousness), we did conduct a relatively large number of statistical tests, which may been seen as a potential limitation. Finally, our results are correlational only and thus the direction of causality (ie, does AD pathology change personality or does a certain personality profile predispose one to develop AD?) cannot be readily determined. Regardless, in our sample of DIAN participants, we found that neuroticism and conscientiousness correlated with years to symptom onset at the baseline assessment. At the same assessment, self‐reports of these measures correlated with levels of tau pathology in the CSF. Finally, there was initial evidence that changes in biomarkers precede differences in personality. Together these findings suggest that neuroticism and conscientiousness may hold utility in tracking disease progression in AD.
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[^1]: Cohen\'s d was calculated using the following formula (2×t‐value)/sqrt(df). If degrees of freedom were not reported they were estimated based on reported sample size and the number of parameters included in the analysis models.
